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Introduction  

 
 In its initial stages prostate cancer depends on androgen signaling, with androgen 

ablation therapy inducing tumor regression.  The disease becomes extremely difficult to treat 

when it progresses to a hormone refractory state (castration-resistant prostate cancer or CRPC), 

therefore making it the second leading cause of cancer related death among men in the United 

States. Dissecting the molecular mechanisms underlying prostate cancer initiation and 

progression to CRPC will allow us to develop more efficient therapeutics and reduce the 

mortality rates of patients.  Recent studies from our laboratory have shown that a constitutively 

active form of the intracellular tyrosine kinase Ack1 (activated cdc42-associated tyrosine kinase) 

directly binds and tyrosine phosphorylates the androgen receptor (AR), resulting in ligand-

independent AR activity [1-2].  Constitutive activation was achieved by introducing a mutation 

that relieves kinase auto-inhibition (L487F) and by COOH-terminal truncation (amino acids 788-

1,036) [3].  Moreover, caAck1 transforms poorly tumorigenic LNCaP cells into androgen-

independent and highly invasive tumors in nude mice [1].  However, the role of Ack1 in prostate 

cancer initiation and progression within the context of a complex organ remains poorly 

understood.  To address this question, transgenic mice were generated expressing a myc-tagged 

truncated caAck1 transgene in the prostate epithelium, driven by a modified rat probasin 

promoter which contains two copies of the androgen response region (ARR2PB promoter).  

Characterization of these transgenic (PbAck1) mice would allow us to understand the 

mechanisms through which this novel tyrosine kinase maybe drive the progression of prostate 

cancer in vivo as well as to further understand its potential role in CRPC.  Furthermore, PbAck1 

mice were crossed to genetically engineered mice (Pten+/- and TgAP-T121) that develop high-
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grade prostate intraepithelial neoplasias (PIN) or adenocarcinoma at known rates in order to 

understand how Ack1 activity, in combination with other lesions, will result in invasive and 

metastatic adenocarcinomas, thus reflecting the pathophysiology of human CRPC. Pten+/- and 

TgAP-T121 were chosen given the relevance of PTEN and Rb mutations in human prostate cancer 

as well as for the defined kinetics of cancer initiation and progression in these genetically 

engineered mice model of prostate cancer [4-5].   
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Body 

 The Statement of Work for the present study aimed at: 1) determining if prostate-specific 

expression of caAck1 resulted in the formation of metastatic adenocarcinomas through increased 

growth and survival of prostate epithelial cells, 2) determining if prostate-specific expression of 

caAck1 resulted in androgen-independence growth and survival, 3) examining if the expression 

of caAck1 in established mouse models of prostate cancer resulted in accelerated tumor 

formation and metastasis and 4) determining if prostate-specific expression of caAck1 resulted in 

androgen- independence growth and survival when crossed to Pten+/- and TgAP-T121 mice.  In 

order to address these tasks, transgenic mice were generated by expressing a myc-tagged 

constitutively activated Ack1 transgene in the prostate epithelium, driven by a modified rat 

probasin promoter which contains two copies of the androgen response region (ARR2PB 

promoter).  Furthermore, PbAck1 mice were crossed to genetically engineered mice Pten+/-and 

TgAP-T121.  These mice constructs were chosen for the relevance of PTEN and Rb mutations in 

human prostate cancer as well as for the defined kinetics of cancer initiation and progression in 

these genetically engineered mice model of prostate cancer [4-5].   

 

Task 1 

 In order to address task 1, prostates from PbAck1 mice and non-transgenic littermates 

were collected at multiple time points (12, 16, 24, 36, 48 and 72 weeks of age).  

Histopathological analysis of hematoxylin and eosin (H&E) stained paraffin sections showed 

focal hyperplasia accompanied by nuclear atypia in PbAck1 prostates as early as 16 weeks of 

age.  These prostatic lesions appeared to progress as evidenced by the presence of murine 

prostatic intraepithelial neoplasia (mPIN) by 49 weeks of age.  mPIN lesions were focal and 
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displayed a cribiform pattern which resulted from further stratification of the epithelial layer and 

were accompanied by further cellular atypia (spindle-like shaped cells) and nuclear atypia 

(nuclear elongation and hyperchromatia) as well as hypercellularity of the stromal layer 

(published in Mahaja et al., 2010, see Appendix). 

 

Task 3 

 Part of task 3 was addressed by characterizing PbAck1 mice crossed to TgAP-T121 mice. 

TgAPT121 mice were generated in the laboratory of our collaborator Dr. Terry Van Dyke and are 

a mouse model of prostate cancer in which T121 (a portion of the large T antigen) exclusively 

targets and inactivates all members of the pRb family [4].  Transgenic expression of T121 to 

prostate epithelial cells (TgAP-T121 mice) results in rapid formation of neoplasias that are derived 

from luminal epithelial cells.  mPIN in TgAP-T121 mice develop by 12 weeks of age and progress 

to microinvasive adenocarcinomas by 30 weeks of age. Metastasis has not been reported in these 

mice [4].  Expression of caAck1 in the TgAP-T121 background resulted in accelerated onset of 

adenocarcinomas which were detected as early as 24 weeks of age and determined by H&E 

staining of paraffin slides (Appendix Fig. 1).  Although the adeno-progressive phenotype was 

also observed in some single TgAP-T121 prostates within our cohort, it was not as penetrant 

(30%) as in the PbAck1;TgAP-T121 bi-transgenic (86%). This difference appeared to be 

statistically significant as determined by Fisher’s exact test (p<0.0406).   

 Double immunofluorescence for Ki67 (a proliferation marker present in all phases of the 

active cell cycle) and cytokeratin 8/18 (intermediate filament proteins that are present in most 

epithelial cells, including prostate) confirmed the luminal epithelial cell origin of the prostatic 

lesions observed in our PbAck1;TgAPT121 bi-transgenic mice (Appendix Fig. 2).  This result 
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validates the PbAck1;TgAPT121 bi-transgenic construct as a mouse model of prostate cancer 

given that majority of human prostate tumors have been shown to arise from luminal epithelial 

cells [6]. 

 Acceleration of the CaP phenotype was further corroborated by detection of a 

desmoplastic response.  Desmoplasia (a disruption of the fibromuscular layer often seen in 

microinvasive adenocarcinoma) was detected both indirectly by assessing loss of smooth 

muscle-actin, and directly by assessing collagen deposition (Appendix Fig. 3).  While continuous 

-SMA staining was detected in the surrounding stroma of WT, PbAck1, and TgAPT121 prostate 

glands at 24 weeks of age, loss of -SMA staining was observed in PbAck1;TgAPT121 bi-

transgenic prostate glands with atypical acini visibly penetrating through the basement 

membrane of mPIN lesions and microinvaded the surrounding stroma (Appendix, Fig. 3) .  As 

with smooth muscle actin staining, prostate glands of WT, PbAck1, and TgAPT121 mice were 

surrounded by an intact layer of fibromuscular cells which appeared red when stained with 

Masson’s trichrome staining (Appendix, Fig. 3).  In contrast, the red staining fibromuscular cells 

were lost and replaced by blue staining collagen fibers in PbAck1;TgAPT121 prostates (Appendix, 

Fig. 3). This phenotypic switch from smooth muscle cells to matrix proteins-producing 

myofibroblast cells is characteristic of the stroma reaction which is thought to contribute to 

malignant progression in prostate cancer [7]. 

 Further analysis showed a decreased in the apoptotic index of PbAck1;TgAP-T121 bi-

transgenic prostates when compared to single TgAPT121 prostates at 16 and 24 weeks of age 

(Appendix Fig. 4). Apoptotic cells were detected in situ by TUNEL (Terminal dUTP Nick End 

Labeling) analysis on paraffin sections from at least 3 WT, PbAck1, TgAP-T121, and 

PbAck1;TgAP-T121 prostates at 16 and 24 weeks of age. Apoptotic indexes were calculated by 
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counting TUNEL-positive cells (brown, arrows) as a percentage of total cells (hematoxylin).  

Data were analyzed by Wilcoxon test (P<0.05 is considered statistically significant). 

Interestingly, caAck1 activity induced a cell survival signal in TgAP-T121 prostates without 

affecting cell proliferation as shown by Ki67 immunohistochemistry.  

 NFB and Akt activation were determined in order to address possible cell signaling 

pathways through which caAck1’s activity could be affecting cell survival.  While phospho-Akt 

activation was not detected in any of our prostates by 24 weeks of age, an increase in NFB 

activation was observed in the bi-transgenic prostates as early as 16 weeks of age (p=0.025) 

when compared to the TgAPT121 prostates (Appendix Fig. 5).  NFB activation was detected in 

situ by performing serine-phospho-p65 immunohistochemistry on paraffin slides from at least 3 

WT, PbAck1, TgAP-T121, and PbAck1;TgAP-T121  prostates at 16 and 24 weeks of age and 

analyzed as described above. Activation of NFB inversely correlated with the levels of 

apoptotic cells.  A manuscript with the above data is currently in preparation and expected to be 

submitted during the summer of 2011. 

 Task 3 was further addressed by analyzing PbAck1 mice crossed to Pten+/- mice.  

Formation of mPIN from secretory prostate epithelial cells, progression to prostate cancer (CaP), 

and formation of metastasis has been observed in mice with prostate-specific PTEN disruption 

[2].  Heterozygotic loss of PTEN causes prostate cancer at known rates, with most Pten+/- mice 

developing mPIN at around 48 weeks of age, and homozygote conditional ablation of PTEN in 

the mouse prostate resulting in mPIN at 6 weeks of age, CaP at 9 weeks of age, and metastasis at 

12 weeks of age [2, 5].  This mouse model is highly relevant to the human disease given that the 

PTEN gene is often subject to loss of heterozygosity (LOH) in human prostate cancer [8].  Our 

preliminary data showed that PbAck1;Pten+/- mice present mPIN lesions as early as 16 weeks of 
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age as determined by H&E staining of paraffin sections (Appendix, Fig. 6).  The onset of the 

mPIN phenotype is accelerated in PbAck1;Pten+/- prostates by approximately 32 weeks when 

compared to PbAck1 and Pten+/- prostates.  These mPIN lesions present abnormal tufting 

glandular patterns with multiple cellular atypia including nuclear enlargement, inversion of 

nuclear to cytoplasmic ratio and hyperchromatism.  The detection of Ki67 showed that these 

mPIN lesions were highly comprised of proliferating cells (Appendix Fig. 7).  Ki67 was detected 

in situ by Ki67 immunohistochemistry on paraffin sections.  Furthermore, abnormal cells within 

these mPIN lesions were positive for phosphorylated (activated) Akt, suggesting PTEN LOH 

(Appendix Fig. 8).  Activated Akt was detected in situ by serine-phospho-Akt 

immunohistochemistry on paraffin slides. PTEN LOH is further suggested by the loss of PTEN 

staining in phospho-Akt positive cells, detected by immunohistochemistry of sequential slides 

from PbAck1;Pten+/- prostates (Appendix Fig. 9).  Despite the acceleration of the mPIN 

phenotype in the PbAck1;Pten+/- as compared to the single PbAck1 or Pten+/-, progression to 

adenocarcinoma was not observed in these compound mice  by 48 weeks of age as determined 

by H&E staining of paraffin slides (Appendix Fig. 7).  Currently, PbAck1;Pten+/- mice are being 

aged to 60 and 72 weeks of age in order to thoroughly conclude that caAck1 activity does not 

progress the prostatic phenotype to CaP in Pten+/- mice.  Lung, liver, heart, and lymph node 

specimens will also be dissected at these time point in order to determine the presence of 

metastasis in our GEN model of prostate cancer.  Aged mice are expected by the fall of 2011. 

 The microarray studies proposed in this task are currently underway.  RNA was isolated 

from anterior prostates of WT, PbAck1, TgAP-T121 and PbAck1;TgAP-T121, Pten+/-, and 

PbAck1;Pten+/- mice.  RNA from three mice per genotype at 16 and 24 weeks of age will or were 

submitted for microarray analysis to the UNC Lineberger Comprehensive Cancer Center 



 11

Genomics and Bioinformatics Core.  RNA from aged-matched WT mice was used as control.  

Data will be analyzed using the Significance Analysis of Microarrays (SAM) freeware as well as 

Ingenuity.  Data is currently being analyzed. 

 Finally, the signaling pathways driving the phenotype in our PbAck1 and PbAck1;Pten+/- 

prostates are being addressed by understanding the phosphorylated (downregulated) levels of 

Akt’s downstream effector GSK3.  Preliminary data show higher levels of phospho-GSK3 in 

Pten+/- prostate when compared to PbAck1;Pten+/-  when analyzed by immunohistochemistry  

(Appendix Fig. 10).   Immunostained slides will be scanned with a ScanScope scanner and 

analyzed with Aperio Image Scope.   

 

Task 2, 4 

 Currently, WT and PbAck1 mice are being or were castrated at 12 weeks of age and 

prostates dissected at 20 weeks of age as part of the experiments described in Aim 1, Part 3 and 

Aim 2, Part 5.  Preliminary data show shrinking of the prostates in both WT and PbAck1 mice 

when analyzed microscopically. Ack1 immunoprecipitation and immunoblotting will be done in 

order to verify transgene expression which can be affected given that the ARR2PB promoter is 

regulated by androgen. Furthermore, DEX pellets (1.5 mg/pellet) are being implanted in 

castrated mice in order to ensure transgene expression given that glucocorticoids were shown to 

induce the ARR2PB promoter without affecting androgen expression [9].   A second cohort of 

WT, PbAck1, Pten+/-, and PbAck1;Pten+/- mice will be added to this study during the 

Summer/Fall of 2011.     
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Key Research Accomplishments 

 

 Provided evidence showing that expression of truncated caAck1 is sufficient to cause to a 

prostatic phenotype when expressed in the prostate epithelium in vivo. 

 Provided evidence showing that truncated caAck1 accelerates the onset of prostate 

adenocarcinoma when co-expressed in murine models of prostate cancer TgAP-T121 and 

Pten+/-. 

 Provided evidence showing that expression of truncated caAck1 signals a cell survival 

pathway in vivo which rescues the apoptotic phenotype when co-expressed in TgAP-T121 

mice. 

 Provided evidence showing that expression of truncated caAck1 leads to increased 

activation of NFB when co-expressed in TgAP-T121 mice. 

 Provided evidence showing that expression of truncated caAck1 accelerates the onset of 

mPIN in Pten+/- mice. 

 Provided evidence showing that 48 weeks old Pten+/- and PbAck1;Pten+/- prostates differ 

at a molecular level despite being morphologically indistinguishable. 

 

 

 

 

 

 

Reportable Outcomes 
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 Mahajan, K., Coppola, D., Challa, S., Fang, B., Chen, Y.A., Zhu, W., Lopez, A.S., 

Koomen, J., Engelman, R.W., Rivera, C., Muraoka-Cook, R.S., Cheng, J.Q., 

Schönbrunn, E., Sebti, S.M., Earp, H.S., and Mahajan, N.P. Ack1 Mediated AKT/PKB 

Tyrosine 176 Phosphorylation Regulates Its Activity. PLoS ONE 2010;5(3):e9646 

 

 Role of Ack1 in murine prostate tumorigenesis.  Charlene Rivera*, Lineberger 

Comprehensive Cancer Center; Rebecca S. Cook, Dept. of Cancer Biology, Vanderbilt 

University; Nupam P. Mahajan, H. Lee Moffitt Cancer Center and Research Institute; 

Rose Guo*, Lineberger Comprehensive Cancer Center; Terry Van Dyke, NCI, Rockville, 

MD; Young E. Whang*, Dept. of Pathology and Laboratory Medicine and Lineberger 

Comprehensive Cancer Center; H. Shelton Earp, III*, Dept. of Medicine and Lineberger 

Comprehensive Cancer Center. *University of North Carolina, Chapel Hill, NC. 2011 

IMPaCT Meeting. Orlando, FL. 

 

 

 

 

 

 

 

 

Conclusions 
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 I assessed the effect of Ack1 activity in vivo by directing cell-specific expression of 

truncated caAck1 to the murine prostate epithelium.   The data present evidence for caAck1 

expression to be sufficient to deregulate proper cell cycle of prostatic luminal epithelial cells.  

This deregulation led to hyperplasia which progressed to mPIN.  Furthermore, caAck1 activity 

was shown to accelerate the onset of the prostatic phenotype when crossed to both Pten+/- and 

TgAP-T121 mice, thus supporting our hypothesis that Ack1 activity in the murine prostate 

epithelium, in combination with precursor lesions, would result in a more aggressive phenotype. 

  

 When crossed to the TgAP-T121 mice, truncated caAck1 was able to accelerate the onset 

of prostate adenocarcinoma from 30 weeks in the single TgAP-T121 transgenic to 24 weeks in the 

PbAck1; TgAP-T121 bi-transgenic mouse.  This acceleration correlated with caAck1’s ability to 

induce a pro-survival signal in these bi-transgenic prostates, which may explain the reduction in 

apoptosis observed in the PbAk1; TgAP-T121 bi-transgenic prostates.  A pro-survival role for 

Ack1 has already been reported in NIH 3T3 cells [10].  In this study from Nur et al., Ack1 was 

shown to be required for the survival of v-Ras-transformed cells, although the cell survival 

signal remains to be elucidated [10].  Here I showed that the reduction of apoptosis in PbAk1; 

TgAP-T121 bi-transgenic directly correlated with an increased in phosphorylation and nuclear 

localization of NFB, thus providing a molecular mechanism through which Ack1 may be 

elucidating its cell survival signal.   

  PbAck1 mice were further crossed to Pten+/- mice in order to assess the effects of Ack1 

activity along with a reduction in PTEN gene dosage.  This construct was chosen given the high 

frequency of PTEN mutations or reduced gene expression observed in human prostate cancer [8]. 

 It has been previously reported that Pten+/- male mice develop prostate hyperplasia or mPIN at 
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around 9-14 months of age [2, 5].  Here, I describe that the compound PbAck1; Pten+/- male mice 

develop mPIN as early as 16 weeks, whereas this prostatic phenotype is not seen until 

approximately 32 weeks in the PbAck1 or Pten+/- male mice whitin the same experimental 

cohort.  Furthermore, the activation of Akt within these mPIN lesions suggests caAck1 activity 

may be providing the selective pressure needed for inactivation of PTEN through LOH.  Despite 

the accelerated mPIN phenotype in PbAck1; Pten+/- male mice, the phenotype fails to progress to 

adenocarcinoma or metastasis.  Further aging these mice as well as addressing the experiments 

proposed in tasks 2 and 4 will allow me to determine whether an additional selective pressure 

such as lost of androgen will be needed to progress the phenotype.  Moreover, the difference in 

GSK3 phosphorylation between the Pten+/- and PbAck1;Pten+/- prostates suggest that these 

constructs differ at a molecular level despite being morphologically indistinguishable.  The 

microarray studies proposed in task 3 will aid in further determining how these constructs differ 

molecularly. 

 In summary, I have shown that Ack1 activity is sufficient to cause hyperplasia or mPIN 

when overexpressed in the murine prostate epithelium in vivo.  Furthermore, Ack1 activity is 

able accelerate the onset of the prostatic phenotype when present in combination with other 

lesions, thus reflecting the pathophysiology of human prostate cancer.   
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Figure 1 Histopathology of single and bi-transgenic prostates.  Normal WT prostate 
phenotype compared to the progression from hyperplasia to mPIN to CaP in PbAck1, TgAP-T121 
and PbAck1;TgAP-T121 prostates at 12, 16, 24 and 48 weeks of age. Hematoxylin and Eosin. 400X 
magnification. 



 

     
 

Figure 2 Prostate lesions caused by Ack1 activity arise from luminal origin. Double 
immunostained sections from 48-week-old WT, PbAck1, TgAPT121, and PbAck1;TgAPT121 
prostates.  In situ detection of Ki67 (red) show proliferating cells co-localizing with the luminal cell 
marker CK8/18 (green).       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

                  
 

Figure 3 Disruption of the fibromuscular layer marks transition from mPIN to CaP in 
PbAck1;TgAPT121 prostates.  (A) The fibromuscular layer was detected on paraffin sections 
from 24-week-old WT, PbAck1, TgAPT121, and PbAck1;TgAPT121 prostates by Masson’s 
trichrome stain. The intact fibromuscular layer in normal (WT), hyperplastic (PbAck1), and 
mPIN (TgAPT121) prostates stains red (arrow) for MTS. In contrast, the red staining is lost within 
microinvasive lesions (PbAck1;TgAPT121) and replaced by blue-staining collagen deposited 
during the desmoplastic response prostates stains in blue (arrow head).   Masson’s trichrome. 
400X magnification. (B) The fibromuscular layer was detected on paraffin sections from 24-
week-old WT, PbAck1, TgAPT121, and PbAck1;TgAPT121 prostates by -SMA 
immunohistochemistry and counterstained with hematoxylin.  The fibromuscular layer appears 
intact (brown, arrow) in normal (WT), hyperplastic (PbAck1), and mPIN (TgAPT121) prostates 
while staining is loss within the microinvasive lesions of PbAck1;TgAPT121 prostates (arrow 
head).    



 

 

 
Figure 4 Decreased apoptosis in PbAck1;TgAP-T121 prostates.  Prostates from 16 weeks old 
(A, C) and 24 weeks old (B, D) WT, PbAck1, TgAP-T121 and PbAck1;TgAP-T121 animals were 
analyzed for apoptotic levels.  Apoptosis (C, D) was quantified by calculating the number of 
TUNEL-positive cells (brown, arrows) as a percentage of the total cells.  TUNEL assay.  400X 
magnification. n≥3 for each genotype. 
 
 



 

 

            
 
Figure 5 Increased NFB activation in PbAck1;TgAP-T121 prostates.  Prostates from 16 
weeks old (A, C) and 24 weeks old (B, D) WT, PbAck1, TgAP-T121 and PbAck1;TgAP-T121 animals 
were analyzed for phospho-p65 levels. NFB activation (C, D) was quantified by calculating the 
number of phospho-p65-positive cells (brown, arrows) as a percentage of the total cells.  Phospho-
p65  immunohistochemistry.  400X magnification. n≥3 for each genotype. 
 
 
 
 



 

 
 
Figure 6 Histopathology of PbAck1, Pten+/- and PbAck1;Pten+/- prostates.  Normal WT 
prostate phenotype is indistinguishable from Pten+/- at 16 weeks of age.  PbAck1 prostate presents 
hyperplasia at 16 weeks of age while PbAck1;Pten+/- prostate presents mPIN at same time point.  
Both Pten+/- and PbAck1;Pten+/- prostates phenotype present mPIN at 48 weeks of age and 
phenotypes are morphologically indistinguishable at this point.  Hematoxylin and Eosin. 100X and 
400X magnification. 
 
  
 

 
 
Figure 7 High localization of proliferating cells within mPIN of PbAck1; Pten+/- prostates.  
Proliferating cells (brown) were visualized by Ki67 immunohistochemistry.  Proliferating cells 
were exclusively localized within the mPIN lesions in 16 week old PbAck1;Pten+/- prostates.  Ki67 
immunohistochemistry.  400X magnification. 



 

 
 
 
 

        
 
Figure 8 Akt activation within mPIN lesions of PbAck1, Pten+/- prostates.  H&E shows 
atypical cells mPIN lesion in 16 weeks old PbAck1;Pten+/- prostate.  Immunostaining for phospho-
Akt detects the presence of activated Akt (brown) within atypical cells in 16 weeks old 
PbAck1;Pten+/- prostates.  Hematoxylin and Eosin and phospho-Akt immunohistochemistry.  200X 
(H&E) and 100X (phospho-Akt) magnifications. 
 
 
 
 
 
 
 

                                          
 
Figure 9 Correlation between loss of PTEN and activation of Akt in PbAck1, Pten+/- 
prostate.  Sequential slides from 16 weeks old PbAck1;Pten+/- prostates were immunostained for 
active (phosphorylated) Akt (brown, arrow) and PTEN.  PTEN is lost (arrow head) in cells positive 
for phospho-Akt.  PTEN and phospho-Akt immunohistochemistry.  400X magnification. 
 
 



 

 
 

Figure 10 Difference in GSK3 targeting between Pten+/- and PbAck1;Pten+/- prostates. 
Downrregulation of GSK3 was visualized by phospho-serine GSK3 immunohistochemistry 
(brown staining).  Phospho-GSK3 is only present within mPIN lesions from 48 week-old Pten+/- 
and PbAck1;Pten+/- prostates.  Phospho-ser- GSK3  immunohistochemistry.  200X magnification. 
 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 




